A genetic interaction is defined by the emergence of a surprising phenotype when two genes are disrupted together. , Baetz et al. (2004 reported a new kind of large-scale reverse-genetic screen for genetic interactions. By mating a haploid yeast strain carrying a "query mutation" to many haploid strains-each carrying a single engineered mutation at a second (unlinked) locus-they efficiently produced diploid strains carrying two heterozygous mutations. If the double-mutant strain shows reduced fitness relative to each single-mutant strain, this indicates a genetic interaction traditionally called "unlinked noncomplementation" (UNC). UNC interactions have been noted to frequently occur between genes that encode physically interacting proteins (Stearns and Botstein 1988; Fuller et al. 1989) . Although there have been many forward-genetic screens for UNC interactions Yook et al. 2001; Hawley and Walker 2003) , Baetz et al. (2004) took a reverse-genetic approach-systematically and exhaustively testing a collection of gene pairs for UNC interactions. They screened a heterozygous "query mutation" in CTF13, which encodes a core kinetochore protein, against a library of heterozygous null mutations. They found genetic modifiers of chromosome segregation and also distinguished separable functions within the RSC chromatin remodeling complex.
A genetic interaction is defined by the emergence of a surprising phenotype when two genes are disrupted together. In 2004, Baetz et al. (2004) reported a new kind of large-scale reverse-genetic screen for genetic interactions. By mating a haploid yeast strain carrying a "query mutation" to many haploid strains-each carrying a single engineered mutation at a second (unlinked) locus-they efficiently produced diploid strains carrying two heterozygous mutations. If the double-mutant strain shows reduced fitness relative to each single-mutant strain, this indicates a genetic interaction traditionally called "unlinked noncomplementation" (UNC). UNC interactions have been noted to frequently occur between genes that encode physically interacting proteins (Stearns and Botstein 1988; Fuller et al. 1989) . Although there have been many forward-genetic screens for UNC interactions Yook et al. 2001; Hawley and Walker 2003) , Baetz et al. (2004) took a reverse-genetic approach-systematically and exhaustively testing a collection of gene pairs for UNC interactions. They screened a heterozygous "query mutation" in CTF13, which encodes a core kinetochore protein, against a library of heterozygous null mutations. They found genetic modifiers of chromosome segregation and also distinguished separable functions within the RSC chromatin remodeling complex.
In this issue of Genes & Development, Haarer et al. (2007) confirm the value of this new kind of screen and take it one step further. They also coin a new name for the subtype of UNC interaction in which at least one of the mutant loci carries a null mutation, calling it a "complex haploinsufficient" (or CHI) interaction. Haarer et al. (2007) used a null allele of actin as a "query mutation," screening this against virtually all nonessential genes for CHI interactions. They validate the CHI interaction screen by identifying 208 CHI interactors, many known to be functionally related to actin. Moreover, they carry the CHI screen one step further, using a panel of query alleles to characterize each "hit" by testing it for interaction with each of six different reduced-function (hypomorphic) actin alleles. Different query alleles retrieved different subsets of interactors, indicating that CHI genetic screens can lead to nuanced information about functional relationships. A large subset of CHIs were with genes that encode ribosomal proteins. Interestingly, the results added to a growing and intriguing body of evidence supporting the idea that many pairs of duplicated ribosomal protein genes perform distinct functions.
Gene dosage and poison models to explain UNC relationships
At least two models have been put forward to explain the observation of an UNC relationship-the gene dosage model and the poison model (Stearns and Botstein 1988; Fuller et al. 1989) . Under the former model, the double mutant's defect is caused by reduced gene dosage at the two alleles, while the latter model requires that at least one of the alleles actively "poisons" some process, sensitizing the organism to a secondary mutation. When both alleles are null mutations, the gene dosage model is the preferred explanation.
The precise level of a gene's expression can have profound effects on its function. This is best illustrated in the case of protein complexes: If expression of a component is too low, complexes lacking that component may be functionally impaired. Conversely, if a component of a given complex is expressed too highly, it can sequester other members into nonfunctional subcomplexes. It is therefore not surprising that components of the ribosome complex are tightly coregulated, both transcriptionally and post-transcriptionally, including complex feedback regulation (Presutti et al. 1991; Vilardell and Warner 1997) . By contrast, translation factors lack such sophisticated regulatory mechanisms, and changes in expression levels of translation factors can lead to large increases in translation read-through errors (Le Goff et al. 1997; Salas-Marco and Bedwell 2004) .
The trouble with forward genetics
A central part of forward genetics is the hunt for random mutants with a desired or interesting phenotype. By their nature, random mutations have variable effects and unevenly distributed locations, making it difficult to determine when a screen has been performed to saturation. Some tricks can simplify the task of locating the mutant of interest; e.g., screens for dominant or multicopy suppressors can use a library of plasmids with inserted sequences that have been mutagenized or overexpressed, limiting the search space for the causative allele. More recently, tiling arrays have introduced the prospect of rapid and inexpensive resequencing of entire genomes (Gresham et al. 2006) . However, even when a mutation has been mapped and sequenced, the probable effect of the mutation on its host gene generally remains uncertain. It is simpler to interpret the phenotype of a null allele, such as a precise gene deletion, than it is to interpret the effects of a missense mutant. Like simpler forward-genetic mutant screens, forward-genetic interaction screens are subject to the challenges of locating and interpreting random mutations.
The awesome power of reverse genetics
Knowledge of genome sequence coupled with efficient techniques for targeted gene disruption (e.g., homologous recombination in Saccharomyces cerevisiae and RNA interference [RNAi] in other organisms) has enabled the development of tools to make genetic screens much more systematic. S. cerevisiae has been an ideal model organism for reverse genetics, especially given a collection of strains that has been developed in which each strain carries a targeted deletion (Winzeler et al. 1999) . This strain collection has enabled the systematic identification of genes required for a given cellular function. In some screens, strains are individually assayed for a given defect; for example, in mRNA export (Hieronymus et al. 2004) . A more high-throughput approach involves assaying cell growth rates in response to different growth conditions (e.g., drug exposure) to identify genes required for growth (or resistance to a drug) (Begley et al. 2002; Giaever et al. 2004; Dudley et al. 2005; Parsons et al. 2006) . Technology allowing rapid readout of competitive growth in pooled cultures of deletion strains has significantly increased the speed and sensitivity of growth rate assays (Giaever et al. 2002) .
Reverse-genetic interactions
Reverse-genetic resources and technologies have also made the analysis of genetic interactions much more tractable on a large scale. These resources, coupled with the development of genetic markers for efficient selection of haploid yeast cells (Tong et al. 2001) , have allowed efficient screening for synthetic sick or lethal genetic interactions (defined by a double-mutant with a surprisingly poor growth phenotype). Synthetic genetic array (SGA) analysis has been used to identify global synthetic interaction networks (Tong et al. 2001 (Tong et al. , 2004 . The combination of the deletion strain collection, SGA technology, and bar code microarrays have allowed diploidbased synthetic lethality analysis on microarrays (dSLAM), in which double-mutant strains are efficiently produced and grown competitively in pools. This approach has been used to study more specific networks of genes responsible for DNA integrity (Ooi et al. 2003; Pan et al. 2006) . Analogous methods have been used to discover synthetic genetic interactions involving essential genes using the collection of strains with tet-inducible genes (Davierwala et al. 2005 ) and the DAmP collection with destabilized transcripts (Schuldiner et al. 2005) . While synthetic genetic interactions often indicate compensatory or parallel gene action, alleviating interactions-in which the double mutant grows faster than would be expected given single-mutant growth ratesoften indicate serial or concerted gene action. While previous SGA and dSLAM screens have focused on synthetic interactions, more recent screens have captured alleviating interactions (Schuldiner et al. 2005; Collins et al. 2006 ; R.P. St. Onge, R. Mani, J. Oh, M. Proctor, E. Fung, R. Davis, C. Nislow, F.P. Roth, and G. Giaver, unpubl.).
Reverse-genetic approaches to gene dosage effects
Reverse genetic approaches can be used to explore the effects of changes in gene dosage. For example, in haploinsufficiency screens, the growth rate among diploids with two functional copies of a gene is compared with diploids carrying only one functional copy. One such screen identified proteins required for optimal growth rate, such as metabolic processes and protein production (Deutschbauer et al. 2005) . High-throughput genetic interaction screens have also been carried out to find synthetic dosage lethality interactions, in which the combination of a reduced-function mutation with the overexpression of a second gene causes loss of fitness (Stevenson et al. 2001; Sopko et al. 2006) .
The CHI screens by Baetz et al. (2004) and Haarer et al. (2007) can be viewed as a search for haploinsufficiency among null alleles that depends on a "query mutation" at another locus. Several of the CHI interactors, like those found by Deutschbauer et al. (2005) , are required for optimal biosynthetic capacity including metabolism, protein synthesis, and transcription. However, there was also clear enrichment for genes that are functionally related to actin, such as those involved in cell organization and biogenesis, as well as many actin-binding proteins. These results illustrate the extent to which CHI interactions allow the elucidation of specific cellular pathways.
The results of CHI screens may have broader implications for multigenic human disease than other types of synthetic genetic interaction screens, because they relate to recessive heterozygotic alleles in a diploid genome. Baetz et al. (2004) found 36 CHI interactions to their query locus (CTF13/ctf13-30), and Haarer et al. (2007) found 208. The proteins encoded by these genes have 13 and 36 protein interactions, respectively, according to BioGRID (Stark et al. 2006) , suggesting that the density of CHI genetic interaction is greater than the density of protein interactions. Estimating the precise impact on human disease of UNC and CHI interactions is difficult. The frequency of disease caused by UNC depends on the probability that two recessive alleles will exhibit an UNC interaction. It also depends on the frequencies of each of the interacting alleles in the human population; indeed, the population frequencies of alleles with UNC interactions may have been driven lower precisely because of the deleterious effect of the UNC interaction, and driven lower still for alleles with many severe UNC interactions such as those observed for actin. However, deleterious recessive alleles can accumulate to appreciable allele frequencies, especially if their effects are "revealed" only in the presence of another recessive allele at a separate locus. Regardless of the frequency of human UNC and CHI interactions, CHI screens will uncover a new layer of genetic interactions in yeast. This in itself could have an impact on human disease, since many mechanistic insights into biological processes in yeast have shed light on the function of orthologous human disease genes.
Another interesting innovation by Haarer et al. (2007) was the analysis of their genetic interactors with different actin alleles. Although a previous study had identified genetic interactions with a temperature-sensitive allele of TAF9 (Milgrom et al. 2005) , Haarer et al. (2007) assayed each of actin's CHI "hits" for genetic interactions with each of six actin alleles. These actin alleles correspond to mutations on the surface of different regions of the actin protein. Each allele exhibited genetic interactions with a subset of actin's CHI interactors, with the more severe alleles exhibiting the most interactions. This assay adds further dimensionality to the space of genetic interactions and thus provides much more information about the CHI interactors. As the actin alleles used for this analysis are designed to neutralize clusters of charged residues on the surface of the actin protein, probing genetic interactions with these alleles divides the CHI interactors into groups presumably based on the region at which they interface with actin. This is consistent with Haarer et al.'s finding that the alleles resulting in mutations near each other on the actin protein share a statistically significant number of interactors. It will be exciting to see the levels of biological complexity that further applications of this type of assay will reveal.
Functional divergence among pairs of paralogous ribosomal protein genes
An ancient ancestor of the yeast S. cerevisiae experienced the duplication of its entire genome. Although most of the duplicated genes have since been lost, a subset have remained, playing roles in transcription, intracellular transport, and translation, among others. For most of the retained pairs, one copy has maintained its original function (the "ancestral" copy) and approximate sequence, whereas the other has diverged and now plays a similar, yet specialized, cellular role. Ribosomal proteins are among the classes of genes that have retained the highest number of duplicates. These duplicated copies also share higher sequence similarity than duplicate pairs in other functional classes. Although this could be due to frequent gene conversion (Kellis et al. 2004) , it could also be attributed to the fact that sequence variations causing changes in protein folding or surface properties would compromise assembly of the ribosome. As described below, the results of recent large-scale screens suggest that the latter model may be true.
It has been thought that duplicate ribosomal proteincoding genes are redundant in function (Rotenberg et al. 1988) . The existence of duplicated ribosomal protein genes was first discovered when initial clones of ribosomal proteins were isolated (Woolford et al. 1979 ). Although some studies suggested that duplication was restricted to the most abundant ribosomal proteins (Fried et al. 1981) , later reports indicated that the transcripts for all ribosomal proteins are expressed at similar levels, and the contributions of both copies of a duplicated ribosomal protein roughly equal the expression of ribosomal proteins encoded by a single gene (Kim and Warner 1983) . As more ribosomal proteins were cloned and identified, it was observed that they typically have highly similar coding sequences but very different untranslated regions (UTRs) and introns. In general, deletion of each copy of a pair led to different effects on fitness, and the two copies were often expressed at different levels (Abovich and Rosbash 1984; Leer et al. 1984 Leer et al. , 1985 Herruer et al. 1987; Lucioli et al. 1988; Rotenberg et al. 1988; Arevalo and Warner 1990; Yon et al. 1991; Synetos et al. 1992) . The demonstration that the growth defect caused by the deletion of one copy of a given ribosomal protein gene could be rescued by the introduction of the other on a multicopy plasmid suggested that the two copies of a duplicated ribosomal protein gene were functionally redundant (Rotenberg et al. 1988 ).
However, a few directed studies suggest that the fitness levels being measured in previous research may not fully reflect the cellular roles of a given duplicated ribosomal protein gene. For instance, Warner (1989) noted that the fitness defect induced by the absence of a copy of certain duplicated ribosomal protein genes is not necessarily proportional to that copy's effect on expression. Furthermore, although the growth defect of rps27b⌬ cells can be rescued by introduction of RPS27A on a multicopy plasmid, rps27a⌬ cells exhibit ribosomal assembly defects despite wild-type doubling times (Baudin-Baillieu et al. 1997) . Together, these results suggest that the earlier studies of expression levels and fitness may have missed more subtle functional differences between the two copies.
High-throughput phenotypic screens have demonstrated that certain cellular processes require specific copies of duplicated ribosomal protein genes. Ni and Snyder (2001) noted that bud site selection requires only one paralog each of certain duplicated ribosomal protein genes. A screen for vacuolar protein sorting defects (Bonangelino et al. 2002) revealed paralog-specific requirements for ribosomal protein genes, suggesting that the two copies of certain ribosomal protein genes play dif-ferent roles regarding subcellular organization. Screens for genes required for centromeric cohesion, cell cycle progression, and telomeric length each yielded different subsets of duplicated ribosomal protein genes, and typically required only one of the two paralogs (Zettel et al. 2003; Askree et al. 2004; Marston et al. 2004) , suggesting that one copy of certain pairs may have evolved new DNA-related functions. Similarly, a screen for genes required in sporulation and meiosis (Enyenihi and Saunders 2003) indicated that the two coies of many ribosomal proteins have different roles in these processes.
Furthermore, although not specifically discussed in previous reports, closer examination of recent large-scale phenotype screens reveals additional functional differences between the two copies of most duplicated ribosomal protein genes (S. Komili, N.G. Farny, F.P. Roth, and P.A. Silver, in prep.) . In some cases, such as in treatment of cells with Wortmannin, the two copies of a given duplicated ribosomal protein gene yield opposite phenotypes: Deletion of one copy makes cells "resistant" to it (i.e., faster growing), whereas deletion of the other copy makes cells "sensitive" to it (i.e., impaired growth) (Zewail et al. 2003) . Similar effects were obtained for rapamycin (Chan et al. 2000) and K1 killer toxin (Page et al. 2003) . High-throughput chemical and phenotypic screens indicate that, in general, the two copies of a given duplicated ribosomal protein are required for different pathways (Begley et al. 2002; Giaever et al. 2004; Dudley et al. 2005; Parsons et al. 2006) . Furthermore, unlike early studies that suggested that the ratio between two copies of a given ribosomal protein gene remain constant despite changes in extracellular conditions (Herruer et al. 1987) , oligo arrays revealed that the expression levels of many duplicated ribosomal protein genes change independently in response to MMS (Jelinsky and Samson 1999; S. Komili, N.G. Farny, F.P. Roth, and P.A. Silver, in prep.) .
For each of the cellular processes discussed above, the paralog required for that process is not necessarily the paralog with the most severe null mutant phenotype in rich media (Winzeler et al. 1999; S. Komili, N.G. Farny, F.P. Roth, and P.A. Silver, in prep.) . Thus, fitness in rich media does not capture specialized functions of duplicated ribosomal protein genes. Moreover, the required paralog is not necessarily the most highly expressed paralog, arguing that the differential phenotypes are not simply due to gene dosage effects.
The current study by Haarer et al. (2007) has added to the evidence of subfunctionalization between the two copies of duplicated ribosomal protein genes. Twelve of the 13 ribosomal protein genes that were CHI with actin are duplicated. Eight of these 12 are members of a pair for which the other copy was not CHI with actin. Rhodamine-phalloidin staining confirmed that, for these pairs of duplicated ribosomal proteins, deletion of the copy that is CHI with actin leads to defects in actin and cell morphology, whereas the other copy is dispensable for actin cytoskeleton formation. As with previous studies, the copy required for actin cytoskeleton formation is not necessarily the copy expressed at a higher level, and although six of these ribosomal protein genes exhibit haploinsufficiency independent of actin (Deutschbauer et al. 2005) , the remaining seven ribosomal proteins are only haploinsufficient in conjunction with lowered actin expression.
Taken together, there is a growing body of evidence for the subfunctionalization of duplicated ribosomal protein genes. Although some ribosomal proteins have been shown to have extraribosomal roles that include transcription, DNA repair, translational regulation, and regulation of development (Wool 1996) , the fact that most of the large-scale screens found not one but many ribosomal proteins suggests that the situation is more complex for these processes and others. The recent discovery that many (but not all) ribosomal proteins act as tumor suppressors in zebrafish (Amsterdam et al. 2004) suggests that this subfunctionalization may be conserved in other organisms, and indicates the important role these ribosomal proteins may play. Unfortunately, none of these processes have a known specific requirement for translational regulation, making mechanistic insights difficult. The connection between translation and specialized roles for duplicated ribosomal genes, supported by diverse genetic evidence from Haarer et al. (2007) and others, remains a mystery.
Future directions
Further developments in large-scale reverse-genetic screening may come through advances in experimental methodology, analysis of the resulting data, or in extending these ideas to other species. For example, CHI screening might achieve greater efficiency and sensitivity by combining the approaches of Baetz et al. (2004) and Haarer et al. (2007) with dSLAM to measure fitness effects using a pool of doubly heterozygous strains under competitive growth conditions. This would eliminate the need for separate growth assays of each strain. Additionally, data analysis would be improved by a clearer definition of genetic interaction; i.e., which double-mutant phenotypes should be considered "surprising": Some large-scale studies have defined synthetic interaction by a double-mutant fitness that is below the least-fit single mutant (Tong et al. 2001 (Tong et al. , 2004 Ooi et al. 2003; Pan et al. 2006) , while others define interaction by deviation of the double-mutant fitness from the product of the two single-mutant fitness measurements (Puniyani et al. 2004 ; R.P. St. Onge, R. Mani, J. Oh, M. Proctor, E. Fung, R. Davis, C. Nislow, F.P. Roth, and G. Giaver, unpubl.). It will also be valuable to search for UNC and CHI interaction in other species. Indeed, RNAi has become the modern reverse-genetic method of choice in several organisms (Sen and Blau 2006) . The availability of RNAi reagents corresponding to every gene allows reverse-genetic screens to be performed in more complex organisms (e.g., see Friedman and Perrimon 2006; Lehner et al. 2006; Moffat et al. 2006) , with some recent progress in double-RNAi approaches . To the extent that RNAi is a "knockdown" of gene expression rather than a complete knockout, this technique may recover interactions due to the same gene dosage effects that lead to UNC interaction.
In summary, the current report by Haarer et al. (2007) is an exciting example of recent advances in reverse-genetic screens, and it is clear that many important developments will soon follow.
